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We reportSTAR resultson the azimuthalanisotroy parametew, for strangeparticlesKg, A andA at mid-
rapidityin Au+Au collisionsat , /S,; = 130GeVatRHIC. Thevalueof v, asafunctionof trans\ersemomentum
of theproducedarticlesp; andcollision centralityis presentedior bothparticlesupto p; ~ 3.0 GeV/c. A strong
p: dependence v; is obsenedupto 2.0 GeV/c. Thev, measuremeris comparedvith hydrodynamianodel
calculations.The physicsimplicationsof the p; integratedv, magnitudeasa function of particlemassarealso

discussed.

PACSnumbers25.75.Wd,25.75.Ld

Measurementsf azimuthalanisotropiesn the trans\erse
momentundistribution of particlescanprobeearly stageof
ultra-relatvistic heavy-ion collisions [1-3]. In high-enegy
nuclearcollisions, the initial geometricanisotroy is estab-
lished from the overlap betweenthe colliding nuclei. The
time necessaryo build up this spatialanisotropy is believed
to be short becausehe colliding nuclei are highly Lorentz
contractedin the centerof-masssystemand passthrough
each other at approximatelythe speedof light. During a
~ 5-50fm/c period, rescatteringransfersthe initial spatial
anisotrofy into a momentumanisotrofy. This momentum
anisotrofy manifeststself moststronglyin theazimuthaldis-
tribution of transversemomenta. The extent to which the
initial spatialanisotroyy is transformedo the measuredno-
mentumanisotroy dependsn theinitial conditionsandthe
dynamicalevolution of the system. In particular anisotrofy
measurement®r nucleus-nucleusollisions at RHIC ener
giesmay provide informationabouta partonicstagethatmay
exist earlyin thecollision evolution[1, 4-§].

The trans\ersemomentumdistribution of particlescanbe

describedn theform:
d?N dN
dptTd(p = Hptz[l‘}' ZZVnCOin )], (1)

wherep; is the transersemomentumof the particle, @ is its
azimuthalanglewith respecto thereactionplane[9, 10] and
the harmoniccoeficients,vy, areanisotroly parametersThe

seconctoeficientv, is calledelliptic flow, whereflow denotes
collective behaior without necessarilyimplying a hydrody-
namiclimit. Recentexperimentakesultsfrom RHIC [11-14]
include measurementsf v, as a function of collision cen-
trality and p; for chagedparticleswith p; < 2.0 GeV/c,and
for identified chaiged pions, kaonsand protonsfor p; up to
~ 0.8 GeV/c. Thedgyreeof the anisotropy transferfrom po-
sitionto momentundistribution depend®n thedensityof the
systemduring its evolution andthe scatteringcrosssections
of the particlesinvolved (partonand/orhadron). As aresult,
recenttheoreticalwork attemptedo deducethe initial gluon
densityfrom partonicenegy loss[6], andtheequatiorof state
from hydrodynamianodelcalculationd5, 7].

Most of the anisotropicflow parametersneasuredo date
are for non-strangeparticles[11, 12, 15-19. Of the stud-
iesfor identifiedstrangeparticles[12, 20-25 mosthave been
at muchlower collision enegies. Moreover, previous mea-
surementsf strangeparticleflow correspondo directedflow,
i.e. the coeficientv;. At the CERN SPS,quantitatve differ-
encedetweermulti-strangearyonsandnon-strangéadrons
wereobsenedin trans\erseradial flow in Pb+ Pbcollisions
at /S, = 17 GeV [26, 27]. A physicalscenarioin which
multi-strangebaryonsdo not participatein a commonexpan-
sionandthusdecouplezarlyfrom the collision systemdueto
their small hadroniccrosssectionswas proposedo explain
this obsenation [28]. This explanationsuggestghat it may
be possibleto obtaininsightinto very early stagef the col-



lisions by studyingtheelliptic flow of strangeparticles.

In this paper we report the first measuremensf the az-
imuthal anisotroy parametew, for the strangeparticlesk,
A andA from Au + Au collisionsat , /5, = 130 GeV. Our
measuremerntdf v, for differentcentralitiesasafunctionof p;
usingthe SolenoidalTracker At RHIC (STAR) extendsto a
p: of about3.0GeV/c,muchhigherthanpreviously measured
for identifiedchaigedpions,kaonsandprotons[12].

The STAR detector[29], with its azimuthal symmetry
and large acceptancejs ideally suited to measureelliptic
flow. The detectorconsistsof several sub-system#n a large
solenoidalmagnet. For collisions in its center the Time
Projection Chamber(TPC) measureshaged tracks in the
pseudo-rapidityange|n| < 1.5 with 2t azimuthalcoverage.
During the year 2000 data taking the STAR magnetoper
atedat a 0.25 Teslafield, allowing tracking of particleswith
p: > 0.075GeV/c. A scintillatorbarrelsurroundinghe TPC,
theCentralTriggerBarrel(CTB), measurethe chagedparti-
clemultiplicity (for triggering)from within |n| < 1. Two zero-
degreecalorimeterg30] locatedat +18.25 m from the nomi-
nalinteractionregion, sub-tendingnangled < 0.002radians,
primarily detectfragmentatiomeutrons.Two ZDCsin coin-
cidenceprovide a minimum-biastriggerandthe CTB is used
for a centraltrigger. This analysisuses201 x 10° minimum-
biasand180x 10° centralevents.
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FIG. 1: Invariantmassdistributions for Tt* 1~ shaving a K mass
peak(left panel)andfor prt- shaving a A masspeak(right panel).
Fitting resultsareshavn asdashedinesin thefigure. For presenta-
tion a greatemumberof eventshasbeenusedfor the A plot.

We reconstructedoth K — mt* + = and A(A) — p+
T (p+ ") from their chaged daughtertracks detectedin
the STAR TPC [31]. Using the enepgy loss of the chaged
tracksin the TPC gas,we selectcandidatedor protons,anti-
protonsandpions. The massandthe kinematicpropertiesof
the neutral particle candidatesare extractedfrom the decay
vertex anddaughterparticlekinematics.Fig. 1 showvs thein-
variantmassdistributionsfor " showing a Kg masspeak
andfor prt shawving a A masspeak. The dashedines are
fits to the backgroundandthe signal. We determinedhatthe
backgrounds dominatedby combinatorialcountsby rotat-
ing all positive tracks180degreesin thetranserseplaneand
reconstructinghe Kg andA(A) decayvertices. This proce-
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duredestrgs all real verticesin the TPC acceptancso that
we candescribethe combinatorialcontribution to the invari-
antmassdistributions. The obsenedmasses496+ 8 MeV/c?
for " and 11164+ 4 MeV/c? for prm, are consistentwith
acceptedvalues[32] and the widths are determinedby the
momentunresolutionof the detector The particlesusedfor
thev, analysisarefrom the kinematicregion of |y| < 1.0 and
0.2 < pr < 3.2 GeV/cfor Kg or 0.3< p < 3.2 GeVi/cfor
A+ A, wherey is the particle’s rapidity. No significantdiffer-
encesin elliptic flow are obsened betweenA andA, so be-
causeof thelimited statistics A andA aresummedogether

We choosetherequirementsor K andA(A) daughtercan-
didatesto maximizestatistics.For Kg, we requirethe daugh-
ter tracksto have a distance-of-closest-approagtica)to the
collision vertex > 1.0 cm. For the A(A) reconstructionye
choosepion-like trackswith a dca> 1.5 cm and proton-like
trackswith adca> 0.8 cm. We usethe peakin theinvariant
masdistributionto measureheyield of K or A+ A particles
for differentvaluesof @ and p;. Usingthe @ bin centerfor the
valueof @, we evaluatev, asa functionof p; by calculating
(coq2q)) for differentvaluesof p;. Using theyield to cal-
culatev, = {coq2q)) enablesusto measureelliptic flow for
identifiedparticlesbeyondthe p; region wheretheidentifica-
tion of particlesvia theirenegy lossin the TPCgasfails[12].

The real reactionplaneis not known, but the event plane,
an experimentalestimatorof the true reactionplane,canbe
calculatedfrom the azimuthaldistribution of tracks[11]. To
determinethe event plane,we selectchaged particle tracks
with atleast15 measuregpacepoints,0.1 < p; < 2.0 GeV/c
and|n| < 1.0. We alsorequirethe ratio of the numberof
spacepointsto theexpectednaximumnumberof spacepoints
for eachtrackto begreaterthan0.52,suppressingplit tracks
from beingcountedtwice. Eventsarerequiredto have a pri-
mary vertex within 75 cm longitudinally of the TPC center
Thesecutsaresimilarto thoseusedin Ref.[11] andouranal-
ysisis notbiasedby them.

To avoid possibleauto-correlationstracksusedfor the K2
or A(A) reconstructionare excludedfrom the set of tracks
usedto calculatethe event plane. Typically this is doneby
measuringhe azimuthalanglebetweena track andthe event
plane calculatedfrom all other qualifying trackswithin the
sameevent. Then the contrikution to v» from that track is
calculated. In this analysis,wherev, is not calculatedon
a particle by particle basis,all tracksthat might be usedfor
thereconstructiorof K or A(A) areexcludedfrom the event
planecalculation. Only trackswith adca< 1.0 cm areused
in the event planecalculationwhile the K verticesdon't in-
cludethesetracks.In the A + A analysisall proton-like tracks
areexcludedfrom theeventplanecalculation.A trackis con-
sideredproton-like if its enegy loss (dE/dx) is within three
standardieviationsof thatexpectedfor protons.

When the azimuthal anisotroy is evaluatedvia v, =
(coq2¢g)), the obsened v» mustbe correctedto accountfor
the imperfect event plane resolution[33]. This resolution
is influencedby two factorsthat dependon centrality: the
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FIG. 2: Elliptic flow v» asafunctionof p; for (a) K‘S) and(b) A+A.
Circles andfilled squaresare for central (0-11%) and mid-central
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strengthof theanisotrojy sighalandthenumberof tracksused
for theeventplanecalculation.We estimatethe resolutionus-
ing the methodof randomsuberents[10] andusetherelative
multiplicity, asin Ref. [11], to measurehe event centrality
The maximumresolutionfor the K2 and A + A analysisis
foundto be0.681+ 0.004and0.582+ 0.007respectiely and
is reachedn the centrality correspondingo 25-35%of the
measurectrosssection. The relatively lower resolutionfor
the A + A analysisis causedoy the exclusion of proton-like
tracksfrom theeventplanecalculation.

Elliptic flow as a function of trans\erse momentumfor
centraland mid-centralcollisions calculatedfrom 201x 103
minimum-biasand180x 10° centraleventsis shavnin Fig. 2.
The two particlesshov a similar p; dependencén the two
centrality intervals. The p; dependencés strongerin more
peripheralcollisionsthanin the centralcollisions. A similar
dependencevas obsened for chaiged particlesin Au + Au
collisionsatthesameRHIC enegy [12].

For this analysis threemain sourcescontribute to system-
atic errorsin the measuredanisotroly parameters:particle
identification,backgroundsubtractionandcorrelationsunre-
lated to the reactionplane(non-flow) suchasresonancele-
cays,jetsor CoulombandBose-Einsteirtorrelation§34, 35).
Thecontributionfrom thefirst two sourcess estimatedy ex-
aminingthe variationin v, after changingseveral track and
event cuts. We estimatethat theseeffects contribute an er
ror of lessthan+ 0.005to v». The contribution to v» from
non-flow effects,however, could be significant,especiallyin
peripheralcollisions. A previous study usedthe correlation
of event planeanglesfrom sub&entsto estimatethe mag-
nitude of thesecontritutions[36]. Non-flow effectsare as-
sumedto contribute to the first and secondharmoniccorre-
lations by similar amounts so the magnitudeof the first har
monic correlationsetsa limit on the non-flov contributions
to vo. Thatstudyshavedthatthe non-flov systematicerrors
for chagedpatrticlesaretypically +0 and-0.005,but aresig-
nificantly largerin the more peripheraleventswherethe er-
ror increasego +0 and-0.035for the 58—85%mostcentral
events.Theseestimateg@reconfirmedby measurementsf v,
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FIG. 3: Elliptic flow v, asafunctionof p; for thestrangeparticlesKg
(filled circle) andA + A (opensquaresfrom minimum-biasAu+Au
collisions. For comparisony, of chagedhadrons(opencircles)is
alsoshawn. Thelinesarefrom hydrodynamienodelcalculationg5].

usingthe 4th-ordercumulantmethod,a methodthatis insen-
sitive to non-flow effectsbut which leadsto larger statistical
errors[37]. We assuméhesystemati@rrorsonv; for theneu-
tral strangqoarticlesKg andA + A aresimilar to thosefound
in theanalysisof chagedparticles[12].

To make a comparisorwith availablehydrodynamianodel
calculations,we plot vz(pt) for both K2 and A + A from
201x 10°® minimum-biascollisions in Fig. 3. The dashed
lines representhe hydrodynamicmodel calculationg[5] for
(fromtopto bottom)pions,kaons protons andlambdas Also
shown in thefigureis vo(pt) for chagedhadrong38]. Within
statisticaluncertaintythe Kg resultsarein agreementvith the
v, of chagedkaons(notshawvn) [12]. We obsene thatv, for
bothstrangeparticlesincreasessafunctionof p; upto about
1.5GeV/c,similar to the hydrodynamianodelprediction.In
the higher p; region however (p; > 2 GeV/c), the valuesof
v, seemto be saturatedIt hasbeensuggestedhatthe shape
andheightof v, abore 2 — 3 GeV/cin a pQCD modelis re-
latedto enegy lossin an early, high-parton-densitystageof
theevolution [6].

The p integrated anisotrofy parametersfor chaged
hadrons,Kg, and A + A from minimum-biascollisions are
shawvn in Fig. 4. The integratedvaluesof v, are calculated
by parameterizinghe yield with the inverseslopeparameter
of exponentialfits to the K2 or A + A trans\ersemassdistri-
butions[38, 39]. Theintegratedv, is dominatedy theregion
nearthe particle’s meanp; andis insensitve to the upperand
lower boundsof theintegration. Althoughthev,(pr) of A+ A
is below the vo(pr) of K for mostpr, asshavn in Fig. 3, the
p; integratedv, valuesincreasewith the particlemass. This
increases partly dueto the relatively highermeanp; of the
A+ A comparedo thng. In hydrodynamianodelsalthough
the spatialgeometryof the pressuregradientand the resul-
tantcollective velocity arethe samefor all particles,massie
particlestendto gain larger trans\ersemomentaand so de-
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velop a larger elliptic flow. The hydrodynamiomodelcalcu-
lations[5], showvn asa gray-bandandcentralline, are,within

errors,in agreementvith this result. The width of the gray-
bandin Fig. 4 indicatesthe uncertaintieof the modelcalcu-
lation, mostly dueto the choiceof the freeze-outconditions.
Theincreasef v, with particlemassndicateghatsignificant
collective motion,perhapsstablishe@arlyin thecollision, is

an effective meango transfergeometricalanisotroly to mo-
mentumanisotroyy. The natureof the particlesduring this
processhowever, whetherpartonor hadron,andthe degree
of thermalizatiorfor strangeparticlesduringthecollective ex-

pansiorremainsanopenissue.

In summarywe have reportecthe first measuremertf the
anisotroy parameterv,, for K2 and A + A, from Au + Au
collisions at VS = 130 GeV. The v» valuesas a function
of pt from mid-centralcollisions are higher at eachp; than
v, from centralcollisions. Hydrodynamicmodelcalculations
seemto adequatelhdescribeelliptic flow of the strangeparti-
clesuptoap; of 2 GeV/c. For p; above 2 GeV/c,however, the
obsened v, seemsto saturatewhereashydrodynamicmod-
elspredicta continuedincreasewith p;. The p; integratedv,
asa function of particle massis consistentwith a hydrody-
namicpicturewherecollective motion, establishedby a pres-
suregradient transfersgeometricabnisotrofy to momentum
anisotropy. Althoughthehadronicscatteringcrosssectionsof
strangeand non-strangearticlesmay be different,we have
yet to seedeviationsin the measured, from hydrodynamic
calculationsat low p; for strangeor non-strangeparticles.
In a possiblepartonicphaseprior to the hadronicepoch,the
hadronicscatteringcrosssectiondor thefinal hadronsarenot
relevant. As such,if the elliptic flow of identified particles
provesto be independenbf their relative hadroniccrosssec-
tions, it may be evidencethatv, is establishedluring a par
tonic phase.
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